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SUMMARY 

Apparatus  consisting of a supersonic  nozzle, vacuum tank, and s t ing  
dynamometer has  been  developed to  provide  supersonic flows of very short  
duration f o r  comparison of the  drag of aerodpamic  shapes. 

Measurements of the  drag of bodies of revolution,  with  f ineness 
ratios 6 and 12, four triangular-wing models, and an RM-10 body w i t h  
s t ab i l i z ing  fins have  been made i n   t h e  Mach number range from 1.4 t o  1.5 
~5th this  apparatus.  To get a p r e M a r y  check on the  accuracy of drag 
data obtained i n  t h i s  way, the measurements have  been compared w i t h  drag 
data ob tahed  from  free-fall ,   free-fl ight,  and  wind-tunnel tests of simi- 
lar bodies. 

The comparison ind ica tes  that the  apparatus &ves drag values i n  
good agreement with f ree-fal l ,   f ree-f l ight ,  and wind-tunnel t e s t s .  The 
apparatus is, therefore,  well-suited  for  use h making comparative  drag 
studies.  The agreement with  other   tes t  methods qlso ind ica tes   tha t ,  
with some fu r the r  development, the  apparatus .may be useful f o r  d i r e c t  
quant i ta t ive drag determinations. 

INTRODUCTION 

During the course af experiments  being  carried  out by means af the  
freely-falling-body  technique  to assist in the development of bodies  and 
wing-body combinations  having low drag in the   t ransonic  and  supersonic 
speed  range, a need became evident for an inexpensive and rapid method 
of providing  preliminary  experimental  indications of favorable  design 
trends. With such a method ava i lab le ,   the   e f fec t  of design  parameters 
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2 NACA RM L9COl - 
could be explored  quicklyand  cheaply  to  guide  the  selection of configu- 
ra t ions  t o  be  subjected  to-confirmatory tests by' free-fall and o ther  
methods. 

. .. 

. .  - :. 
b The auxiliary  apparatus  described  in t h i s  paper was c,onstructed t o  

meet t h i s  need  and has been  developed t o  a point where satisfactoqy 
measurements of relative  drag  can  be  obtained.  In comparing the  results 
obtained  with  this  apparatus  with  those of mare exact methods, it was 
found that  the  apparatus  seemed.to  give more accurate  results  than was 
originally  thought  necessary  for i t s  intended  use.  In view of t h i s  
si tuation,  the  basic  idea of the  apparatus might be  developed for sp.ecific 
problems and uses  other  than  that  considered  here.  In  this  paper, the 
apparatus i s  described and some comparisons are made between the results 
obtained  with t h i s  apparatus and the measurements of free-fall, rocket, 
and supersonic-tunnel  techniques. 

APPARATUS AND METHOD OF TEST 

A two-dimensional nozzle  with a 1-foot-square t e s t   s ec t ion  is 
ver t ica l ly   a t tached   to  a tank  (figs.  l ( a )  and l ( b ) ) .  Because of the 
re la t ive ly  small s i z e  of the  tank, a quick  acting  valve m u s t  be employed 
to   obtain  supersonic  velocity i n   t h e  t es t  section.  This  valve i s  i n   t h e  
form of a piece af acetate  sheeting 0.015 inch  thick and 18 inches i n  
diameter, which i s  placed between the   ex i t  of the  nozzle and the mouth 
of the  tank. The tank  having a volume of 80 cubic feet  i s  pumped d m  t o  
2$inches-mercury vacuum by a 5-horsepower pump. The process  takes 
about 2 minutes. The acetate  diaphragm is  then  punctured by a 
solenoid-operated punch from inside  the  tank. The sudden rush of air 
i n t o   t h e   p a r t i a l  vacuum sets up supersonic flow i n   t h e  nozzle. 

In figure 2 .is shown. a record of s ta t ic   pressure  against  time 
measured i n   t h e  test section  during a run. The or i f ice  for th i s   p ressure  
measurement i s  located on a flat-wall side a t  the  center   l ine af the  tes t  
section. The test-section  length was designed t o  be l-4 inches. The 
nominal test-section Mach number i s  calculated from t h e   i n l e t  t o t a l  
pressure  (atmospheric  pressure) and the measured s ta t ic   pressure,  
neglecting  condensation.  For  the  triangular-wing models  and RM-10 body, 
the Mach  number i n   t h e  test sect ion i s  calculated from the  measured s t a t i c  
and test-section  total   pressures.   Actual  pressure measurements  have been 
taken  across  the  width and along  the  length of the test section and show 
the Mach  number t o  be  cons.tant  within 2 0.01. The pressure measurements 
a l so  show tha t   there  i s  a loss i n   t o t a l   p r e s s u r e  which is  presumed t o  be 
caused by a condensation  shock  near  the  throat of the  nozzle. The instru- 
ment used t o  measure the  s ta t ic   pressure was an NACA pressure  recorder 
using a diaphragm-type pressure  cel l .  The natural frequency of t h i s   c e l l  
is  about 300 cycles  per'second. . For the  record of f igure  ,2, 1 inch " 

" 
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of t-  inch inside-dimeter tubing was used to connect  the  pressure C e l l  

t o   t h e  measuring orifice.  In figure 2 the f i rs t  pa r t  (I) is  the  Star t ing 
procedure, The unsteady-flow  process that brings  about this t race  of the 
s ta t ic   p ressure  is similar t o  that studied  theoret ical ly  in reference 1. 
In the second pa r t  (2), the   a i r   reaches  a steady stat ic   pressure,   corre-  
sponding t o  a Mach number of 1.5, and remains a t  this pressure for about 
0.03 second, the  time  depending upon the initial pressure   in   the  tank. 
The time  duration of steady  supersonic flow has been substant ia ted by 
measuring the  tes t -sect ion  s ta t ic   pressure using a Statham  pressure 
pickup,  range k 10 pounds per  square  inch. T h i s  instrument  has a 
natural  frequency of about 1000 cycles  per second  and the lag of the 
pressure  pickup and recording  galvanometer i s  believed  to  be  about 
0.003 second. This Statham gage shows that steady supersonic flow i s  
obtained f o r  about 0.03 second  (countfng  pickup  and  recording-qystem 
lag) .  The last pa r t  ( 3 )  is the blow-down and i s  that part of the  run i n  
which the  velocitg  decreases from Mach number 1.5 t o  zero. The total 
duration of the  pressure-time  curve i s  about 0.10 second. 

With th i s   pa r t i cu la r  arrangement of the  nozzle and tank a consider- 
able  overshoot i s  found in the  return  to  atmospheric  pressure.  Since 
the measurement of drag  during the supersonic  portion i s  aU. tha t  is of 
interest ,   th is   resonance phenomenon i s  of no pa r t i cu la r  concern.  During 
the  ear ly  development s tages  a pressure tank instead of vacuum was 
tried  with  the  nozzle. Although t h i s  arrangement showed  no overshoot in 
the  return  to  atmospheric  pressure, i t  w a s  she1ve.d due t o  model-mounting 
d i f f i c u l t i e s .  - _  

Drag  measurements are obtained using a Stat-  strain-gage 
dynamometer, range f 32 ounces, type Gl. This cFynarnometer is basi- 
c a l l y  a resis tance strain bridge network with an external  o i l  dash  pot 
used t o  dampen the  response of the  dpamometer  element. It does  not 
cause  any  appreciable  lag in the  recording system. The bridge  unbalance 
due t o  drag  forces   appl ied  to  the dynamometer through the  model support 
s t i n g  i s  recorded by a  galvanometer. A s t a t i c   ca l ib ra t ion ,  which requires  
about 10 minutes, i s  made before  each series of Funs. T h i s  c a l ib ra t ion  
consis ts  s i m p l y  of hanging  various  weights on the dynamometer and taking 
records. 

- 

The  dynamometer is attached to a horizontal  beam which extends  over 
the mouth of the  nozzle. The sting i s  suspended from the dynamometer by 
a  knife-edge  arrangement.  This type of s t i n g  attachment i s  necessary  to 
minimize damage t o   t h e  dynamometer when negative  forces  are  applied. The 
s t i n g  rod had t o  be stiff enough t o  keep the models from h i t t i n g   t h e  

reasonable  sting  tare.  For  these  reasons a $foot drill rod 0.082 inch 
i n  diameter  (about 1 percent of the body f ron ta l   a r ea )  w a s  se lected 

nose.  This  type of mounting limits the measurem&ts t o   t h a t  of drag a t  
zero lift, and the  models t o  be tes ted  must also  be stable. I n  f igure  4 

c - s ides  of the  nozzle when the blowback occurred aFd small enough to   ge t  a 

" ( see   f ig .  3) .  The models a re   a t tached   to  this sting  rod  through  the 



L - MACA RM L9C01 

i s  shown a record of. the  drag of a body  of f ineness   ra t io  6 measured 
during a run. The s t i n g   t a r e  i s  measured separately and has   to  be sub- - t rac ted  from the  total   drag.  It usually amounts t o  about 25 percent of 
the   to ta l   d rag  measured. Fr.om a record of the  st ing  drag shown i n  
f igu re  5, the  momentum thickness of the boundary layer based on t h i s  
measured s t ing  drag  corrected  for   the  pressure  drag on the end of the 
s t i n g  has been  determined.  Atmospheric  pre.ssure was assumed a t  the 
f r o n t  and stream s ta t i c   p re s su re  a t  the   rear  of the  st ing.  The 
momentum t h i c h e s s  of the boundary layer  was found t o  be 0.034 inch a t  
a point where the  nose of the model begins. 

The  momentum thickness of the boundarg layer  has also been  calcu- 
la ted   theore t ica l ly .  The boundary layer  on the  s t ing was considered t o  
be laminar t o   t he   t h roa t  of the  nozzle and turbulent  from  the  throat 
t o  the end of the sting because of a condensation  shock which occurs i n  
the low-supersonic  region of the  nozzle. By using  the methods of 
references 2 and 3 the momentum thickness of the  boundaq  layer was 
found t o  be 0.039 inch.  This  value i s  i n  good agreement  with  the  value 
of 0.034 inch which was determined from the measured s t ing  drag and i s  
strong  evidence  that  the assumed character of the flow along  the  st ing 
is substant ia l ly   correct .  The difference between  experimental and T 

calculated  thickness may possibly  be  explained by the f a c t   t h a t  t w o -  
dimensional,  incompressible-flow  relations were used i n  the theore t ica l  
calculations.  Unfortunately, more exact methods are not  presently " 
available.  

f 

Calculations, a s s a g  laminar flow over  the  entire  length of the 
sting,  give a momentum thickness of the order of 0.0053 .inch. This 
value i s  s o  much lower than t ha t  determined from the measured drag of 
t he   s t i ng   t ha t  it fur ther   subs tan t ia tes   the  assumption of turbulent 
flow a t   t h e  nose of the model. 

The base pressure  for   the R"10 body was obtained by using a 
pressure  probe a t  the rear of the model, supported by a s u i t a b l e   r i g  i n  
the extreme  downstream  end of the test  section.'  This  pressure  probe was 
an open-end tube  having its end placed about 3/8 inch from  the  base of 
the model and was connected t o  a nesting-diaphragm  type pressure c e l l  and  
recorder. The ratio of the  tube  diameter to the diameter of  the base of 
the  model  was 0.313. - 

The models tes ted  were two bodies of revolution,  fineness ratios 6 
and 12,  f o u r  triangular-wing models of varying sweep angle, and an R"10 
b m  with  s tabi l iz ing  f ins .  The bodies of f ineness   ra t ios  6 and 12 were 
5 and 10 inches  long,  respectively, and  were both 5/6 inch i n  diameter 
a t  the maximurn position. A photograph of these models, which a re  simi- 
lar to  those of references 4 and 5, i s  shown in f igure 6 .  A l i n e  draw- 
ing of a triangular-wing model with diamond p ro f i l e  i s  shown i n   f i g u r e  7 
and the  dimensions of the models tested are  tabulated. These 
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triangular-wing models a re  the same ones t h a t  were t e s t ed  i n  the Langley 

FlM-10 body is  shown i n  figure 8. This model is similar to the one of 
reference 7. A l l  the models tes ted  were small enough with r e spec t   t o  
t he   t e s t   s ec t ion  that they were not   affected by the bow shock w a v e  which 
was r e f l ec t ed   t o   t he   cen te r  of the  nozzle  about 13.3 inches  behind  the 
nose of the models. 

.. +inch  supersonic  tunnel and reported  in   reference 6. A drawing of an 

RESULTS AND DISCUSSION 

The setup and operation of this apparatus is su f f i c i en t ly   d i f f e ren t  
from ordinary  supersonic wind tunnels  that   considerable  investigation 
could  be made i n t o  the effects of these  differences on the measurement 
of drag.  For i ts  intended  purpose, however, absolute  values are not 
required and  confidence i n  i t s  use is based on showing t h a t  a reason- 
able  magnitude for   d rag  and for -drag   d i f fe rences  i s  obtained.  In 
evaluation of the  measurements, the  following  points  should  be  kept in 
mind : 

(a) The time  during which steady  supersonic flow is obtained is 
about 0.03 second, su f f i c i en t  f o r  45 f e e t  of air t o  pass through  the 

1 foot ,   there  should be ample time f o r  the flow about  the model to 
s t a b i l i z e  and f o r  the boundary layer on the model t o  bu i ld  up in 
45-body-lengths t ravel   (see  reference 8). The drag records   for  models 
and f o r   t h e  sting support  alone show tha t  a steady  value of drag is 
obtained  during the avai lable  time. 

.. t es t   sec t ion .  Because the mz&num model length is of the  order of 

(b) The method of mounting the model by a tension  support  through 
the  nose allows correct  simulation of d e t a i l s  a t  the rear of a body. 
A t  the  same time, an appreciable  boundaw layer i s  built up on the 
4 feet  of s t i n g  exposed t o  the a i r  flow. It is assumed that t h i s  
boundary layer  i s  turbulent  because of the pressure rise through the 
condensation  shock  shortly after the  throat  of the  nozzle. The dis- 
placement  area of the boundary layer  is calculated  to  be  about 3 percent 
of t he   f ron ta l   a r ea  of the  bodies  tested and  would-cause more modifi- 
cations of the flow about  the  nose of blunt  shapes.   than  for  pointed 
ones. With a turbulent boundary l q e r  over the whole body, the  large 
changes accompanytng laminar separation a t  low Reynolds number would 
not be expected. 

(c)  The condensation that takes  place in  the  nozzle  reduces  the 

The l imited measurements i n   t h e   t e s t   s e c t i o n  gave no evidence of any 
flow irregularity,  probably  because  the  condensation shock is expected 

c Mach number by a dum of 0.1 within  the  range of humidity  encountered. 

-. to   take  place  short ly  after the throa t  of the nozzle a t  a  lowsupersonic 
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speed  and  should.  be  normal t o  the flow. 

The results of t e s t s  made  on models of f ineness   r a t io s  6 and 12 are 
presented i n  f i v e  9. Measured values of the  drag  coefficient CD 
(based on f ronta l   a rea)  are shown by the  experimental  points a t  a Mach 
number of approximately 1.5. These data   indicate   that   the  body of 
f ineness   r a t io  1 2  has one-half the  drag of t h e  one of f ineness   ra t io  6. 
There i s  l imited  scat ter  of repeat runs on d i f fe ren t  days despite  the 
poss ib i l i ty  of humidity effects. The range cd relative humidity w a s  
from 40 t o  75 percent f o r  this series of tests. 

The curves of CD against  pi i n  f igure 9 are from free-fall t e e t s  
of similar bodies (references 4 and 9). The free-fall bodies  differed 
from the models tested only i n   t h a t   t h e y  were s tab i l ized  by surfaces 
supported on a boom with a dinlneter one-fifth the maximum diameter of 
the body. The drag of the- t a i l  surfaces  themselves was measured  and  had 
been  subtracted from the  over-all   drag  to  obtain  the  curves  in  f igure 9. 
From more recent  information  (reference lo), the  drag-coefficient  cwve 
for the  body of a f ineness   r a t io  6 can be expected to   reach a maximum 
a t  .M = 1.15 and then  decrease  -slightly  at-higher Mach numbers. It 
can be seen i n  figure 9 that  the  drag-coefficient  curve for the body of 
fineness r a t i o  12  has  already  reached i ts  Wum value  and is  gradually 
decreasing  as  higher Mach numbers are  reached. Based on the  preceding 
remarks, an extrapolation from M = 1.15 through  the  experimental  points 
would seem reasonable.  Therefore,  absolute  values of CD and the 
difference i n  drag  coefficient of the two models are considered t o  be i n  
reasonably good agreement  with  the  free-fall measurements. 

A comparison f s " i d e   i n  figure 10 &drag  data  obtained on four 
triangular-wing models i n  the'  Langley  +inch  supersonic  tunnel and with 
the  apparatus of this paper. To compare these  data  obtained a t   d i f f e r e n t  
Mach numbers  on the same chart  (ref  erense ILL), a reasonable value of 
skin-friction  coefficient (Cf - 0.006) is subtracted from the   to ta l   d rag  . 
coeff ic ient  CD and t h e   r a i n d e r  i s  multiplied by the  appropriate p T 

(p = dM2 - 1) The value . P C D  i s  then plotted against  tan e/tan m i n  
figure 10 f o r  the Langley 9-inch-supersonic-tuel  data a t  Nach numbers 
of 1.62, 1.92, and 2.40 and f o r  the apparatus of t h i s  paper a t  pi - 1.42. 
An average curve i s  then faired through the 9-hch-supersonic-tunnel  data 
and through - = 0. As can be seen by the  plot ,  the drag values 

obtained w i t h  t h i s  apparatus are slightly low. 

tan 8 
tan m 

As a fu r the r  comparison, $ i s  plot ted  against  Mach number 

in figurs 11 f o r   t h e  f o u r  triangular-wing models. The experimental 
values are   plot ted as points, whereas the curves were obtained by taking. 

L 
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values of ~ C D  from  the  faired  curve of figure 10.- The Langley 9-inch- 
supersonic-tunnel  data are i n   c l o s e  agreement w i t h  the curves of f igure  11 
but  again  the  drag  values  obtained w i t h  the  apparatus of t h i s  paper  are 
s l i g h t l y  low. 

Tests have been made  on an RM-10 body of f ineness   r a t io  12.2 
( see   f i g .  8) wi th   s tab i l iz ing  t a i l  f in s .  Measured values of t h e   t o t a l  
drag  coeff ic ient  C and the  base  drag  coefficient CnB a re   p lo t t ed  

i n  f igu re  12  a t  M = 1.4 (Reynolds number = 4.7 x 10 ) f o r  the apparatus 
of t h i s  paper  and M = 1.59 (Reynolds number - 3.7 x 10 ) f o r   t h e  L a n g l e y  
4-foot  supersonic  tunnel  (unpublished results). The curves of CD 

and CD against  M in figure 12  are from rocket-propelled tests of a 

s imi la r  body (reference 7 . The Reynolds number fo r   t he   fu l l - s ca l e  
m o d e l  varies from 35 x 10 t o  210 x lo6 and t h a t  of the  half-scale 
model varies from 25 x lo6 t o  100 x 10 . 6 

DT 
6 

6 

T 
B 

a 
The results  obtained from the  Langley  4-foot  supersonic  tunnel in 

f igure  1 2  are for   an RM-10 body with normal and fully turbulent  boundary 
layer over the  body.  From de ta i led  measurements made of the  component 
p a r t s  of t h e   t o t a l  drag, it appears   that   the  main difference between 
the  total-drag  values for the normal and turbulent cases is t ha t   t he  
skin f r i c t i o n   f o r  the fully turbulent case is more than  four  t imes that 
of the  n d  case which is presumed t o  have a fulls laminar b o w  
layer.  

For the full-scale  rocket-propelled IIM-IO b o a ,  the boundaq  layer 
over most  of the  body would tend to  be  turbulent. A t  a f l i g h t  Reynolds 
number  of 75 x 106, the  drag  coefficient would be less than for the case 
of the model with a fully turbulent boundary l ayer  in the  4-foot  tunnel. 

The drag measurement from the 4-foot  supersonic  tunnel  for the 
turbulent-boundary-layer  case was  actually  taken under conditions  quite 
similar to  those  obtained w i t h  the  apparatus of this paper. The nominal 
Reynolds number is prac t ica l ly   the  same f o r   t h e  two tests. In   the  
4-foot-supersonic-tunnel tests, the model w a s  mounted on a w i r e  st retched 
through  the test sect ion and the  drag  force w a s  measured with a balance 
b u i l t   i n t o   t h e  model. The only signifgcant   differences  in   the two t e s t s  
a r e   t ha t   t he  wire support was somewhat SmaUer i n  proport ion  to   the 
model (65 percent af the  diameter)  for  the  4-foot-supersonic-tunnel test 
and the 4-foot supersonic  tunnel had no dis turbance  in   the  tunnel  
corresponding to  the  condensation  shock of this   apparatus   to   cause  t ran-  
s i t i o n  of the  boundary layer  on the   s t i ng  an appreciable  distance  ahead 
of the moclel,  The difference i n  drag between the two t e s t s  i s  i n   t h e  

a t   t h e  nose of the m o d e l ,  in the  4-foot-tunnel  tests, and the  value of 
drag  obtained  with  the  apparatus of this   paper  i s  within  the range 

c direction  expected, if a smaller turbulent boundary layer  were present 

" 
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shown t o  be possible by changing the boundam-layer character is t ics .  

On the  basis  of comparisons made i n   f i g u r e s  9 t o  1 2  between t e s t s  
made using  the  apparatus of t h i s  paper gnd o the r   f ac i l i t i e s ,  it seems tha t  
the  data  obtained with the  apparatus of this paper are r e l i ab le  enough 
f o r  t h i s  equipment t o  be.used i n  screening new ideas. 

" 

CONCLUDING REXARKS 

Data obtained  from model t e s t s  when compared with  data  obtained by 
free-fall,  rocket-propelled, and supersonic-tunnel tes t  methods show 
that   the   drag measured w i t h  t h i s  test apparatus i s  reasonable. They 
also show tha t   the   e f fec t  of changes in body shape  can be satisfacto- 
r i l y  established. 

This relatively  slmple and quick means  of comparing the  merits of 
aerodynamic shapes i n  supersonic flows should prove  useful for fur ther  
research,  particularly i n  industry and universit ies.  

Langley Aeronautical  Laboratory 
National  Advisory Committee for Aeronautics 

Langley F i e l d ,  Va. 
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(a) Schematic diagram. 

Figure 1.- Vacuum-actuated supersonic nozzle. 
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E. Acetate Diaphrap 

F. Puncturing Solenoid 

G. Vacuum Tar& 
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(b) Installation showing aasociated equipnent. 

Figure 1.- Concluded. 
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Figure 2.- !Nme history of static pressure In t e s t  section of nozzle during 
8 run. 
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Figure 3 . -  
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Sting showing attachment to dynamome 
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Figure 4.- A mcord o f  the drag of a boay of revolution measwed during 
a run. 
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Figure 5.- A record of the s t i n g  drag measured durlng a run. P 
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Figure 6.- &dies o f  fFneneas ratio 6 and 12. 
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b X Y 
(percent Aspect Area M.A.C. (percent wing ratio (eq ft) ( f t )  chord) chord) (ded (ft) (ft) 

4 

3.350 .OS88 .1?? .08 .18 39.92 .265 .44& 10 

2.812 .&5 .205 .08 .18 35.21 .307 . U 3  8 

2.301 .0743 .240 .18 .08 29.84 .360 . U 3  6 

1.869 0.0867 0.287 0.08 0.18 25.01 0.431 O.bO2 

. .. 

Figure 7.-  Dimensions  of-8-percent-thick triangular w i n g  model6. 
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Figure 8.- RM-10 research model. 
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Figure 9.- A cmuprison of model tes ts  and free-fall t e s t s  with tall drag 
subtracted. 
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~igure 10.- General cornpariaon of the drag of four 8 - ~ r c e n t - t h i c k  
triangular wings. 
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Figure 11.- An extrapolation of the results of reference 6 to lower 
lhch numbers. 
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Figure 12.- A comparison o f  the drag results for an.R4-10 model obtained 
ushg  the apparatus of this paper and other facilities. - 
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